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INTRODUCTION
The endocannabinoid signaling system functions throughout much of the CNS.
This system consists of cannabinoid receptors (CB 1 and CB 2 (Matsuda et al., 1990; Munro et al., 1993) ), endogenous cannabinoids (endocannabinoids, eCBs) (Devane et al., 1992; Stella et al., 1997) , and an assortment of proteins to produce, transport and break down endocannabinoids. It is this system that is engaged by exogenous cannabinoids such as the psychoactive ingredients of marijuana and hashish (Gaoni and Mechoulam, 1964) . Cannabinoids have been shown to modulate neurotransmission; one form that this modulation takes is depolarization induced suppression of excitation or inhibition (DSE/DSI) (Kreitzer and Regehr, 2001b; . This retrograde inhibition is observed in many regions of the CNS (Di et al., 2005; Melis et al., 2004; Trettel and Levine, 2003; Yanovsky et al., 2003) . We have previously described DSE in autaptically cultured hippocampal neurons (Straiker and Mackie, 2005) . In autaptic neurons, as a result of growth on a limited permissive substrate neurons synapse (or 'autapse') onto themselves forming an architecturally simple model of synaptic transmission (Bekkers and Stevens, 1991) . These neurons exhibit not only robust DSE but also MSE, a metabotropic corollary of DSE (Straiker and Mackie, 2007) and a form of long term depression (LTD, (Kellogg et al., 2009) ).
The presence of functional DSE in these neurons is possible because these neurons express CB 1 receptors and the machinery to produce and degrade endocannabinoids. We have offered substantial evidence that of the primary candidate endocannabinoids, 2-arachidonoyl glycerol (2-AG (Stella et al., 1997)) and arachidonoyl ethanolamide (AEA, anandamide (Devane et al., 1992) ), 2-AG is most likely to mediate autaptic DSE (Straiker and Mackie, 2005) . For example, inhibition of the major synthetic enzyme producing 2-AG, DAG lipase (Bisogno et al., 2003) , prevents DSE (Straiker and Mackie, 2005) . In addition, while brief AEA application inhibits excitatory postsynaptic currents, this inhibition does not recover even over the course of ~10 mins. This contrasts to inhibition by brief 2-AG application, which recovers with a time course that closely mimics that of DSE. Thus the identity of the receptor and eCB underlying autaptic DSE are known, but how 2-AG signaling in autaptic DSE is terminated remains elusive.
To date, no less than five enzymes have received serious attention as possible mediators of 2-AG hydrolysis. Fatty acid amide hydrolase (FAAH) can break down 2-AG, as can cyclooxygenase 2 (COX-2) (Cravatt et al., 1996; Kozak et al., 2004; Kozak et al., 2000) . Inhibition of the latter has been shown to prolong the time course of DSI recovery in hippocampal slices (Kim and Alger, 2004) and in cultured neurons (Hashimotodani et al., 2007; Straiker and Mackie, 2009 ).
However, we have previously tested inhibitors for both of these enzymes and found no effect on DSE in autaptic hippocampal neurons (Straiker and Mackie, 2005) . The enzyme that accounts for the majority of 2-AG breakdown in brain homogenates is monoacyl glycerol lipase (MAG lipase, MGL, ). Anatomical studies have established the presence of MGL in presynaptic terminals, making it well-sited to break down 2-AG after DSE/DSI (Dinh et al., 2002; Gulyas et al., 2004) . Furthermore, MGL has been implicated in regulation of retrograde eCB signaling, but with the use of non-specific inhibitors such as methyl arachidonoyl fluorophosphonate (MAFP) (Hashimotodani et al., 2007) , which acts on FAAH (De Petrocellis et al., 1997; Deutsch et al., 1997) , phospholipase A 2 (Lio et al., 1996) , and CB 1 (Fernando and Pertwee, 1997) ; the known FAAH inhibitor ATFMK (Hashimotodani et al., 2007; Koutek et al., 1994) ; the drug URB754 (Makara et al., 2005) , the usefulness of which has since been called into question (Hashimotodani et al., 2007; Saario et al., 2006) ; or URB602 (Makara et al., 2005) , a relatively weak blocker (King et al., 2007) with variable and limited efficacy (Saario et al., 2006) but which we have nonetheless tested.
The attention that has been given to the subject underscores its importance, but the fact remains that it is only recently that clearly selective and potent inhibitors have been described for MGL (Long et al., 2009) . Complicating the picture, two more enzymes have now been shown to hydrolyze 2-AG. ABHD6 and ABHD12 each account for a portion of 2-AG hydrolysis in brain homogenates . Though ABHD6 and ABHD12 only represent a relatively small fraction of the total 2-AG hydrolysis in brain homogenates, their existence raises an important question-Which enzyme breaks down 2-AG for a given population of cells? Depending on the subcellular localization of these enzymes, it remains possible that an enzyme of relatively low abundance as measured in a homogenate assay may terminate DSE in a specific set of synapses, particularly if it is localized to the site of 2-AG action. An enzyme's relative contribution may vary among neuronal populations, or within a given neuron, or may even be shared in some manner as it appears to be in one form of autaptic DSI ) and other forms of hippocampal DSI (Hashimotodani et al., 2007; Kim and Alger, 2004) . To explore this question we made use of an assortment of enzyme inhibitors and antibodies developed to detect these proteins to assess their roles in mediating breakdown of 2-AG to terminate DSE in autaptic hippocampal neurons.
MATERIALS AND METHODS

Culture preparation
All procedures used in this study were approved by the Animal Care Committee of the Indiana University and conform to the Guidelines of the National Institutes of Health on the Care and Use of Animals. Mouse (CD1 strain) hippocampal neurons isolated from the CA1-CA3 region were cultured on microislands as described previously (Bekkers and Stevens, 1991; Furshpan et al., 1976) .
Neurons were obtained from animals (age postnatal day 0-2) and plated onto a feeder layer of hippocampal astrocytes that had been laid down previously (Levison and McCarthy, 1991) . Cultures were grown in high-glucose (20 mM) medium containing 10% horse serum, without mitotic inhibitors and used for recordings after 8 days in culture and for no more than three hours after removal from culture medium.
Electrophysiology
When a single neuron is grown on a small island of permissive substrate, it forms synapses-or "autapses"-onto itself. All experiments were performed on isolated autaptic neurons. Whole cell voltage-clamp recordings from autaptic neurons were carried out at room temperature using Axopatch 200A amplifier (Axon Instruments, Burlingame, CA). The extracellular solution contained (in mM) 119 NaCl, 5 KCl, 2.5 CaCl 2 , 1.5 MgCl 2 , 30 glucose, and 20 HEPES.
Continuous flow of solution through the bath chamber (~2 ml/min) ensured rapid drug application and clearance. Drugs were typically prepared as stock, then diluted into extracellular solution at their final concentration and used on the same day.
Recording pipettes of 1.8-3 MΩ were filled with (in mM) 121.5 KGluconate, 17.5 KCl, 9 NaCl, 1 MgCl 2 , 10 HEPES, 0.2 EGTA, 2 MgATP, and 0.5 LiGTP. Access resistance and holding current were monitored and only cells with both stable access resistance and holding current were included for data analysis.
Conventional stimulus protocol: The membrane potential was held at -70 mV and excitatory postsynaptic currents (EPSCs) were evoked every 20 seconds by triggering an unclamped action current with a 1.0 ms depolarizing step. The resultant evoked waveform consisted of a brief stimulus artifact and a large downward spike representing inward sodium currents, followed by the slower EPSC. The size of the recorded EPSCs was calculated by integrating the evoked current to yield a charge value (in pC). Calculating the charge value in this manner yields an indirect measure of the amount of neurotransmitter released while minimizing the effects of cable distortion on currents generated far from the site of the recording electrode (the soma). Data were acquired at a sampling rate of 5 kHz. DSE stimuli: After establishing a 10-20 second 0.5 Hz baseline, DSE was evoked by depolarizing to 0 mV for 1-10 seconds, followed by resumption of a 0.5 Hz stimulus protocol for 10-80+ seconds, until EPSC's recovered to baseline values.
Human Embryonic Kidney cell cultures
Human Embryonic Kidney (HEK) cells were purchased from American Type Culture Collection (Boston, MA). Dulbecco's modified Eagle's medium (DMEM), penicillin, streptomycin, and fetal bovine serum (FBS) were purchased from Gibco Life Technologies (Rockville, MD). HEK cells were grown in DMEM with 10% FBS, 100 units ml -1 penicillin, and 100 μ g ml -1 streptomycin at 37 °C in 5% CO 2 humidified air.
Antibody generation
A GST fusion protein expression construct was produced by inserting the DNA coding for a 35-aa peptide (PNMTLGRIDSSVLSRNKSEVDLYNSDPLVCRAGLK) from mouse MGL (mMGL) or a 38-aa peptide (DMPGHEGTTRSSLDDLSIVGQV KRIHQFVECLKLNKKP) from mouse ABHD6 (mABHD6) into the pGEX-3X
vector at BamH I and EcoR I restriction sites. Each fusion protein was purified from BL21 E. coli lysates on a glutathione Sepharose column and was injected into two rabbits to generate antisera (Cocalico Biologicals, Inc., Reamstown, PA) using standard approaches (Bodor et al., 2005) . The antiserum was purified in two steps, first by removal of GST antibodies with a GST column and then by binding to and elution from an affinity column made with the injected GST fusion protein. antibody (anti-rabbit or anti-mouse, 1:100) for 1.5 hours at room temperature.
Fluorescent immunocytochemistry of HEK cells transiently expressing
Finally cover slips were washed, dried and mounted as above. Images were acquired with a Leica TCS SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany) using Leica LAS AF software and a 63X oil objective. Images were processed using ImageJ (available at http://rsbweb.nih.gov/ij/) and/or Photoshop (Adobe Inc., San Jose, CA). Images were modified only in terms of brightness and contrast.
RESULTS
To investigate which enzyme is most likely to mediate breakdown of 2-AG in autaptic hippocampal neurons we took two approaches: electrophysiological and immunohistochemical. We examined inhibitors of two enzymes hypothesized to break down 2-AG in terms of their ability to slow the decay of DSE, and we developed antibodies against these enzymes to assess their cellular localization.
The study of eCB breakdown has been made more challenging by the number of candidates (currently five) and the scarcity of selective inhibitors. It was the existence of reliable inhibitors for FAAH and for COX-2 that allowed us assemble evidence against a role of these enzymes in autaptic DSE (Straiker and Mackie, 2005) . In the case of MGL, the action of URB754, an early promising inhibitor, was found to be artifactual (Makara et al., 2005; Saario et al., 2006) . URB602 was reported to be modestly effective at concentrations in the tens of μ M (Connell et al., 2005) but has also been found ineffectual (Saario et al., 2006) . And as mentioned above, MAFP and ATFMK (Hashimotodani et al., 2007) are believed to inhibit other endocannabinoid-metabolizing enzymes (De Petrocellis et al., 1997; Deutsch et al., 1997; Fernando and Pertwee, 1997; Lio et al., 1996) .
Recently, two new MGL inhibitors have been identified, N-arachidonoyl maleimide (NAM) and JZL184 (Long et al., 2009; Saario et al., 2005) .
Additionally, WWL70 appears to be a selective inhibitor of ABHD6 (Li et al., 2007) . However, no selective inhibitor is known for ABHD12. Consequently, we examined whether inhibition of MGL or ABDH6 prolonged the duration of DSE.
First we tested NAM. Using whole cell patch recording of autaptic hippocampal neurons we elicited a baseline DSE in an autaptic neuron by depolarizing the cell for 3 seconds. Recordings were maintained while neurons were treated with NAM for 10 minutes, followed by DSE elicited in the presence of the drug. We found that following exposure to 10 μ M NAM in this manner, DSE recovery was prolonged: half-life for recovery (t 1/2 ), or the time it takes to reach 50% recovery, almost doubled after 10 minutes of NAM treatment ( Fig 1A, t 1 81sec (95% confidence interval 71-96 sec), n = 5). This experiment provides the first evidence that MGL has a role in eCB breakdown in autaptic hippocampal neurons. However to verify this result, we tested a structurally distinct, highly potent, and very selective inhibitor, JZL184 (Long et al., 2009) . We found that a ten minute treatment with 100 nM JZL184 produced a pronounced prolongation of DSE recovery (Fig 1B, t 1 ). These neurons (<5% of those tested)
were excluded from study. Interestingly, in the few cases we tested JZL184
inhibition was reversed by CB 1 antagonist SR141716 (100nM), and found that SR141716 fully reversed inhibition (data not shown). If JZL184 action occurs via MGL, one would expect a JZL184 effect on bath-applied 2-AG inhibition but not on inhibition by a synthetic agonist such as WIN55212-2 (WIN). As a further test of MGL specificity, in same-cell experiments we puffed 2-AG (5μM, 5 sec) or WIN55212 (WIN, 50nM, 5 sec) onto cells before and again after treatment with JZL184 (100nM, 10 mins). We found that the half-life of the 2-AG recovery time course (t 1/2 ) was much slower than the control time course after treatment with JZL184 ( Fig 1C, t 1 /2 recovery timecourse for puffed 2-AG, control: 59 sec (95% confidence interval 40-112 sec), JZL184 (100 nM): 360 sec (95% confidence interval 259-585 sec, n = 4). Because the t 1/2 recovery time course for WIN is much longer than that for 2-AG (5.5 mins vs. 41 sec (Straiker and Mackie, 2005) ), making it impractical to measure changes in the recovery time course, we examined peak inhibition for WIN, using a low concentration of this agonist. We reasoned that if the JZL184-induced prolongation of the 2-AG inhibition was due to an enhancement of CB 1 signaling, then JZL184 would also increase the potency of a submaximal concentration of CB 1 agonist. We therefore used a brief puff of 50nM WIN, resulting in an inhibition of ~20%, well-below the ~50% generally seen for maximal inhibition with bath applied WIN. The use of a low concentration of WIN also helps avoid problems with the known non-selectivity of WIN at higher concentrations (i.e. >1μM, (Shen and Thayer, 1998) ) A second puff of WIN in the same cells after treatment with JZL184 resulted in no greater inhibition (Fig. 1D , relative EPSC charge for WIN puff (50nM, 5 sec): 0.80 ± 0.04; 0.82 ± 0.06, n=4, p>0.05 paired t-test).
Taken together these pharmacological experiments provide strong evidence that MGL is the major enzyme that hydrolyzes 2-AG during autaptic DSE and, by this actions, determines the duration of DSE.
Another compound, URB602, has been reported to block MGL activity (Connell et al., 2005) . However, we found that at 20 μ M, URB602 substantially and rapidly diminished excitatory postsynaptic currents (EPSCs; Fig 1E) 
MGL and ABHD6 localization as determined by immunocytochemistry
2-AG engages presynaptic CB 1 receptors to inhibit synaptic transmission in autaptic neurons (Straiker and Mackie, 2005; Sullivan, 1999) . The presynaptic terminal therefore represents a likely site of expression for an enzyme acting to break down 2-AG after DSE. In principle, the localization could be postsynaptic, but this would require a second traverse by 2-AG of the synapse before it is degraded. In any event, MGL is expected to be in relatively close proximity to 2-AG's site of action: CB 1 receptors.
The first step was to confirm the presynaptic localization of CB 1 receptors. By co-staining with SV2, which labels synaptic vesicles and therefore presynaptic terminals, we verify that CB 1 receptors localize to presynaptic terminals ( Figure 2B ) in autaptic neurons. We observed only partial overlap between CB 1 and SV2. There are at least two reasons for this partial overlap: 1) In cultured neurons, CB 1 staining is found not only in presynaptic terminals but also along axons, presumably in transit.
2) It is possible, even likely, that not all synaptic terminals express CB 1 receptors. For example, different terminals may be at different stages of development or plasticity.
MGL
To determine where MGL and ABHD6 are expressed in autaptic hippocampal neurons, we developed antibodies against these proteins. As shown in figures 3 and 4, respectively, these antibodies selectively label HEK293 cells in which MGL and ABHD6 are over-expressed. Transient expression of rMGL with a V5 epitope (rMGL-V5) allowed us to confirm the specificity of our newly developed antibody against MGL. The same procedure was followed for ABHD6 (HA and ABHD6 antibodies). In both cases, overlap was almost complete ( Figures 3A-3D and 4A-4D).
With evidence for the selectivity of these antibodies in hand, we studied the localization of MGL and ABHD6 in autaptic hippocampal neurons. MGL staining was suggestive of a primarily neuronal localization, observed as large puncta above the astrocyte feeder layer ( Figure 3E ). To ascertain whether the staining was in fact neuronal, and more specifically presynaptic, we co-stained with SV2, a synaptic vesicle marker. We observed substantial overlap for MGL and SV2 (Fig 3F, arrows) . The overlap was not complete, with some MGL staining free of SV2 and vice versa. However, this indicates that MGL is located at many presynaptic terminals, and therefore well-situated to break down 2-AG after activation of CB 1 receptors. MGL staining also partially co-localized with axons stained with the axonal marker 2H3 (Fig 3G, arrows) . Based on these results, one would predict a high degree of colocalization at synaptic terminals for MGL and CB 1 . Costaining of MGL with CB 1 yielded substantial overlap at putative synaptic terminals (Fig 3H, arrows) .
ABHD6
Although the ABHD6 inhibitor WWL70 failed to alter the time course of DSE, we found that an antibody developed against ABHD6 did label autaptic islands, with staining restricted to two at least superficially neuron-like compartments, suggesting ABHD6 is expressed in neuronal cultures ( Figure 4E1 & 4E2) . One staining pattern was largely restricted to the periphery of a given island, often in a nearly circular pattern. While this pattern often coincided with the border of the astrocyte feeder layer, this was not always the case. In the example shown in Figure 4 , the labeling was often limited to a single process at or near the edge of a given island, suggestive of neuronal localization (Fig 4F, with inset) . However, this staining does not overlap with the presynaptic maker SV2, the axonal marker 2H3 (data not shown), or the dendritic marker MAP2 (data not shown). Nearly every island exhibited this pinwheel labeling, regardless of the presence of synapses (as evidenced by SV2 staining). This ABHD6 staining may in fact be glial in nature. To test this, we costained with glutamine synthetase, a marker for some astrocytes and oligodendrocytes (Fages et al., 1988; Norenberg and Martinez-Hernandez, 1979; Tansey et al., 1991) . However, we found that ABHD6 and glutamine synthetase staining were mutually exclusive (Fig 4G-H) , though this result does not rule out subpopulation-specific astrocyte expression of ABHD6.
The second ABHD6 staining pattern was more explicitly neuronal -limited to putative neuronal processes and puncta above the plane of the astrocyte feeder layer. The presynaptic marker SV2 did not overlap with ABHD6, but rather was juxtaposed to it ( Fig 4I) . MAP2, which labels dendrites, partly overlapped with ABHD6 staining, at what appeared to be dendritic spines and/or terminals ( Fig   4J, arrows) . However there was additional ABHD6 staining that did not overlap with MAP2. In no case did ABHD6 immunoreactivity overlap with staining for 2H3 (data not shown).
DISCUSSION
DSE and DSI are CB 1 cannabinoid receptor-and eCB-mediated forms of transient retrograde inhibition, each lasting for tens of seconds (Kreitzer and Regehr, 2001a; Kreitzer and Regehr, 2001b; Ohno-Shosaku et al., 2001; ). The duration of DSI and DSE are likely determined by a combination of diffusion of 2-AG away from CB 1 , uptake, and degradation. In this study we have addressed the degradation step. Several candidate enzymes have been found to be capable of degrading 2-AG, including FAAH, MGL, COX-2, and more recently ABHD6 and ABHD12 Cravatt et al., 1996; Dinh et al., 2002; Kozak et al., 2004; Kozak et al., 2000) . Of the first three, MGL is favored (Hashimotodani et al., 2007; Kim and Alger, 2004; Straiker and Mackie, 2009 ). COX-2 inhibition enhances DSI, but has not been found to alter the recovery time course of exogenously applied 2-AG (Hashimotodani et al., 2007; Kim and Alger, 2004) . This is consistent with schemes where either presynaptic COX-2 decreases the DAG pool accessible to DAGLα or generates oxygenated 2-AG (PGE 2 -glycerol ester, which is not a CB 1 agonist). ABHD6 and ABHD12 remain to be investigated systematically.
Definitive identification of the responsible enzyme for terminating eCB-plasticity has remained elusive largely for lack of sufficiently efficacious and selective pharmacological inhibitors. The recent development of new inhibitors for MGL and ABHD6 offer an opportunity to revisit the question of DSE termination.
Taken together with our previous work on this subject (Straiker and Mackie, 2005) , our results provide anatomical and functional evidence that strongly favors a role for MGL over ABHD6, COX-2 or FAAH in termination of autDSE. MGL is present presynaptically and is therefore well-positioned to break down 2-AG after commencement of DSE. Two structurally distinct MGL inhibitors each slow the DSE recovery time course, while JZL184 slows that for exogenously applied 2-AG. In contrast ABHD6 is not present presynaptically in autaptic neurons and the ABHD6 inhibitor, WWL70, has no effect on the autDSE time course.
Our electrophysiological and immunohistochemical results argue against a role for ABHD6 in terminating autDSE. Although the protein is not ideally situated to influence DSE recovery in these neurons, the presence of a posts-synaptic enzyme capable of hydrolyzing 2-AG raises interesting possibilities. In principle, such an enzyme could be involved in regulating non-synaptic 2-AG levels, in limiting post-synaptic spillover, in regulating other forms of eCB-mediated plasticity, or even in determining a set-point for 2-AG production.
The presence of two distinct forms of autDSI and one form of autDSE in populations of cultured hippocampal neurons grown under otherwise identical conditions invites a dissection of the differences between these forms of retrograde inhibition. Briefly, the prominent forms of autaptic DSI come in a fast form (autDSI FAST ) regulated by both MGL and COX-2 and a slow form (autDSI SLOW ) regulated by MGL, but not COX-2 
